Staphylococcus aureus is an important human pathogen that employs a large repertoire of secreted virulence factors to promote disease pathogenesis. Many strains of S. aureus possess a plc gene that encodes a phosphatidylinositol (PI)-specific phospholipase C (PI-PLC) capable of hydrolyzing PI and cleaving glycosyl-PI (GPI)-linked proteins from cell surfaces. Despite being secreted by virulent staphylococci, the contribution of PI-PLC to the capacity of S. aureus to cause disease remains undefined. Our goal in these studies was to understand PI-PLC in the context of S. aureus biology. Among a collection of genetically diverse clinical isolates of S. aureus, community-associated methicillin-resistant S. aureus (CA-MRSA) USA300 secreted the most PI-PLC. Screening a collection of two-component system (TCS) mutants of S. aureus, we identified both the agr quorum-sensing system and the SrrAB TCS to be positive regulators of plc gene expression. Real-time PCR and PI-PLC enzyme assays of the TCS mutants, coupled with SrrA promoter binding studies, demonstrated that SrrAB was the predominant transcriptional activator of plc. Furthermore, plc regulation was linked to oxidative stress both in vitro and in vivo in a SrrAB-dependent manner. A ⌬plc mutant in a CA-MRSA USA300 background exhibited a survival defect in human whole blood and in isolated neutrophils. However, the same mutant strain displayed no survival defect in murine models of infection or murine whole blood. Overall, these data identify potential links between bacterial responses to the host innate immune system and to oxidative stress and suggest how PI-PLC could contribute to the pathogenesis of S. aureus infections.
S
taphylococcus aureus remains a significant human bacterial pathogen worldwide and a leading cause of nosocomial infections in the United States (1) . Its capacity to exist as a commensal, colonizing ϳ30% of the population at any given time (2) , and its tendency to develop resistance to antibiotics are challenges to the control and treatment of S. aureus disease (3, 4) . In recent years, hypervirulent strains of methicillin-resistant S. aureus (MRSA) that are capable of infecting otherwise healthy individuals have appeared (5, 6) . These community-associated MRSA (CA-MRSA) strains have become a significant public health concern. Although the molecular basis for their greater virulence is not completely understood, recent evidence suggests that CA-MRSA strains are more fit than hospital-acquired MRSA (HA-MRSA) strains and exhibit an increased capacity to secrete virulence determinants (7) (8) (9) .
S. aureus can cause a wide variety of diseases, from common skin infections, such as cellulitis and abscesses, to more severe and life-threatening processes, such as pneumonia, endovascular disease, and toxic shock. Among its many virulence factors, S. aureus secretes toxins, superantigens, and exoenzymes that promote disease (reviewed in reference 10). Some of these secreted factors have well-defined roles as virulence determinants for specific clinical presentations of staphylococcal infection. For example, toxic shock syndrome toxin 1 is a superantigen that has been associated with toxic shock syndrome (11, 12) . However, not all strains of staphylococci secrete the same repertoire of factors, which may explain in part the diverse clinical manifestations of staphylococcal infection. The variability of the exoprotein profile among strains of S. aureus often reflects inherent differences in gene regulation. Expression of many virulence factors is regulated by twocomponent systems (TCSs), wherein a cell membrane-associated sensor kinase and an intracellular cognate response regulator mediate rapid transduction of extracellular signals to modulate transcriptional responses (13) . For example, the agr quorum-sensing system represents an extensively characterized example of a TCS that regulates secreted staphylococcal virulence determinants and differs among strains (14) (15) (16) .
Although characterizing the regulation and function of secreted virulence factors of S. aureus is important both to understand the pathogenesis of staphylococcal infection and to identify potential new targets for therapeutic intervention, not all proteins secreted by S. aureus have had their biological roles defined. One such staphylococcal exoprotein is phosphatidylinositol (PI)-specific phospholipase C (PI-PLC; SAUSA300_0099), an enzyme that degrades inositol phospholipids and releases glycosyl-PI (GPI)-anchored surface proteins from target membranes (17) . Little is known regarding the function of PI-PLC with respect to S. aureus physiology or disease pathogenesis, but several facts suggest that it may serve as a virulence factor for S. aureus. First, PI-PLCs are important virulence factors in the pathogenesis of infection by other Gram-positive bacteria, most notably, Listeria monocytogenes (18) and Bacillus species (19, 20) . Second, only S. aureus, the most virulent of the staphylococcal species with respect to human disease, expresses staphylococcal PI-PLC (17) . Third, staphylococcal PI-PLC is expressed during infection, as humoral responses to the enzyme are detected in experimental as well as natural disease states (21, 22) . Lastly, because PI is not a component of the S. aureus membrane bilayer (23) , host cells are the likely targets of PI-PLC enzymatic activity, thus providing a rationale for considering PI-PLC to be a virulence factor. However, despite such features that support PI-PLC as a virulence factor, direct evidence that PI-PLC contributes to the pathogenesis of S. aureus disease is lacking.
We sought to identify the role of PI-PLC in staphylococcal biology and to determine what, if any, contribution that it makes to MRSA virulence. In this study, we report novel observations on the regulation of staphylococcal PI-PLC and suggest a potential role for PI-PLC in the pathogenesis of S. aureus infection.
MATERIALS AND METHODS
Ethics statement. Written informed consent was obtained for all volunteers according to protocols approved by the Institutional Review Board for human subjects at the University of Iowa.
Bacterial strains, media, and growth conditions. All bacterial strains and plasmids used in this study are described in Table 1 . All Escherichia coli cultures were grown with aeration in Luria-Bertani (LB) broth or on LB agar, and S. aureus strains were grown with aeration in tryptic soy broth (TSB) or on tryptic soy agar (TSA). As necessary for the maintenance of plasmids in E. coli, LB medium was supplemented with the appropriate antibiotic: ampicillin (100 g/ml), kanamycin (50 g/ml), or spectinomycin (50 g/ml). Antibiotics necessary for the maintenance of plasmids in S. aureus included chloramphenicol (10 g/ml), tetracycline (3 g/ml), or erythromycin (10 g/ml). Ampicillin, chloramphenicol, tetracycline, and erythromycin were all obtained from Research Products International (Mount Prospect, IL). Kanamycin was obtained from Thermo Fisher Scientific (Rockford, IL), and spectinomycin was obtained from Sigma-Aldrich (St. Louis, MO).
Recombinant DNA and genetic techniques. All oligonucleotides and primers are listed in Table S1 in the supplemental material and were synthesized by Integrated DNA Technologies (Coralville, IA). Plasmid DNA was electroporated into S. aureus RN4220 as previously described (24) . DNA was then moved from RN4220 into other S. aureus strains by the use of bacteriophage 80 alpha (25) . S. aureus RNA was obtained by the use of an RNeasy minikit (Qiagen, Valencia, CA) per the manufacturer's protocol. Following purification, the RNA was treated with Turbo DNase (Ambion, Austin, TX) for 2 h at 37°C to remove contaminating DNA.
Expression and purification of recombinant proteins. A protein expression system consisting of pSK236 containing a heterologous promoter was used to overproduce recombinant PI-PLC containing a C-terminal His 6 tag into the culture supernatant. All plc sequences were amplified from S. aureus LAC genomic DNA by PCR using Phusion HiFidelity polymerase, cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, CA), subcloned into pSK236, and sequenced to confirm their identity and the absence of mutations. Full-length plc (amino acids 1 to 329) was amplified using primers PLC-SCNfwd and PLC-SCNrev. The scn promoter was amplified from USA300 genomic DNA using primers SCN-PLCfwd and SCN-PLCrev. The two PCR fragments were combined by overlap PCR using primers SCN-PLCfwd and PLC-SCNrev. This fragment was ligated into the pSK236 vector and electroporated into S. aureus RN4220. S. aureus RN4220 containing the overproduction construct was grown overnight in TSB without antibiotic. The supernatant was collected and passed through a 0.22-m-pore-size filter (Pall, Ann Arbor, MI), and the protein was precipitated by the addition of ammonium sulfate (85%) for 1 h at room temperature. The precipitated protein was rehydrated in phosphate-buffered saline (PBS) and passed over a nickel-nitrilotriacetic acid-agarose column (Qiagen, Valencia, CA) (see Fig. S1 in the supplemental material). Purified protein fractions were pooled, dialyzed against PBS, concentrated, and stored in 2.5 M glycerol at Ϫ80°C.
To purify the kinase domain of SrrB, primers srrBfwd-NdeI and srrBrev-XhoI were used to amplify the sequence from S. aureus LAC genomic DNA that was cloned into pCR2.1-TOPO (Invitrogen, Carlsbad, CA). The srrB fragment was digested from pCR2.1 using NdeI and XhoI Bacteria were grown to mid-log phase in LB broth, and protein production was stimulated by the addition of 0.1 mM IPTG (isopropyl-␤-Dthiogalactopyranoside). Cells were kept at 30°C for 3 h with shaking, and bacteria were pelleted and lysed by sonication. Protein lysates were passed across a nickel-nitrilotriacetic acid-agarose column (Qiagen, Valencia, CA). Purified protein fractions were pooled, dialyzed against PBS, concentrated, and stored in 2.5 M glycerol at Ϫ80°C. SrrA was purified in a manner similar to that previously described (26) . All protein concentrations were determined using the bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific, Rockford, IL) per the manufacturer's protocol. Lipase activity assays. The lipolytic activity of PI-PLC was determined using the artificial substrate 4-methylumbelliferyl myo-inositol-1-phosphate, N-methyl-morpholine salt (Biosynth International Inc., Itasca, IL) (27) . Briefly, reaction mixtures consisted of 10 mM Tris, pH 6.8, 0.8 mM substrate, and 50% culture supernatant. The culture supernatants were obtained by growing various S. aureus strains overnight in TSB at 37°C, spun down to pellet the bacteria, and passed through a 0.45-m-pore-size low-protein-binding filter (Pall, Ann Arbor, MI). The reaction mixtures were placed in a 96-well plate, and fluorescence was measured using 350-nm excitation/450-nm emission filters on a Spectramax M5 plate reader (Molecular Devices, Sunnyvale, CA). Reactions were allowed to proceed for 30 min at room temperature, with measurements taken every 30 s. The results were either expressed as relative fluorescence units in kinetic data (fluorescence versus time) or normalized to account for the protein concentration at the final endpoint.
Generation of unmarked staphylococcal deletion mutants and complemented strains. S. aureus chromosomal mutations were created using homologous recombination of a knockout vector introduced by transduction mediated by bacteriophage 80 alpha. Regions of approximately 500 to 1,000 bp upstream and downstream of the plc gene or the genes encoding the TCS response regulator and histidine kinase were generated by PCR. These fragments were fused using extension overlap PCR to generate a 1.0-to 2.0-kb fragment which was restriction enzyme digested and cloned into the polylinker of similarly digested pJB38 (28) . The generated vectors were transformed into S. aureus RN4220, and lysates were made with bacteriophage 80 alpha (25) . Following transduction into the target S. aureus strains at 30°C, clones exhibiting chloramphenicol resistance were selected on TSA containing chloramphenicol at 45°C. Clones able to grow at the elevated temperature were isolated a second time at 45°C, and bacterial clones were grown in TSB at 30°C. These bacterial cultures were subcultured at 1:1,000 daily for 3 days, the cultures were plated, and bacterial isolates were screened for chloramphenicol sensitivity (29) . Antibiotic-sensitive isolates were screened for the chromosomal deletion by PCR and, in the case of plc, by enzymatic analysis.
To complement the ⌬plc mutant, the plc gene was amplified from USA300 LAC genomic DNA using primers plcCOMPfwd-ClaI and plcCOMPrev-KpnI. The entire plc coding region plus 200 bp upstream and 50 bp downstream was included for complementation. This fragment was cloned into pSKerm-MCS at the ClaI and KpnI restriction sites, resulting in the construction of plasmid pMW4. This plasmid was electroporated into S. aureus derivatives containing the plc deletion for complementation.
To complement the ⌬srrAB mutant, SAUSA300_1441-42 (srrAB) and the native promoter were amplified using USA300 genomic DNA and the primers 1440comp5BamHI and 1440comp3PstI. The PCR fragment was digested with the BamHI and PstI restriction enzymes and gel purified. The digested fragment was ligated into similarly digested pCM28 and verified by PCR. This plasmid was electroporated into RN4220 and subsequently transduced into strain JMB1293 for complementation.
To overexpress PI-PLC in the ⌬srrAB mutant background, the plc gene, including its predicted ribosomal binding site, was amplified from USA300 LAC genomic DNA using primers plcFWDv2-KpnI and plcREVEcoRI. This fragment was digested with KpnI and EcoRI, gel purified, and ligated into similarly digested pCM28, resulting in the construction of plasmid pMW20. This plasmid was first electroporated into RN4220 for subsequent transduction into strain JMB1293.
Real-time RT-PCR and 5= RACE. For reverse transcription-PCR (RT-PCR), cDNA from the S. aureus strains was prepared by incubating RNA with random hexamers in a reverse transcription reaction mixture containing avian myeloblastosis virus (AMV) reverse transcriptase (Roche, Indianapolis, IN). To test for the presence of DNA contamination, identical reaction mixtures lacking AMV reverse transcriptase were also run. All PCRs were performed on either an ABI Prism 7000 real-time PCR detection system (Applied Biosystems, Carlsbad, CA) or an Eppendorf Mastercycler ep realplex 2 apparatus (Eppendorf, Hauppauge, NY) with PerfeCTa SYBR green FastMix, ROX (Quanta Biosciences, Gaithersburg, MD), and gene-specific primers. All primers used are described in Table  S1 in the supplemental material. Reaction conditions consisted of 40 rounds of denaturation at 95°C for 15 s and annealing/extension at 60°C for 30 s. Single PCR products were confirmed by performing a postamplification melt curve analysis for each reaction. The transcript levels of the target genes were normalized to the level for the gyrB gene (30) .
For 5= rapid amplification of cDNA ends (RACE), a FirstChoice RLM-RACE kit (Ambion, Austin, TX) was used as recommended by the manufacturer. Briefly, 3 to 5 g of total RNA was ligated to 300 ng of 5= RACE adaptor using 5 units of T4 RNA ligase (Ambion, Austin, TX) for 1 h at 37°C. RNA was then reverse transcribed with random hexamers and Moloney murine leukemia virus (M-MLV) reverse transcriptase (Ambion, Austin, TX) for 1 h at 42°C. PCR was performed using a primer nested within the gene of interest and a primer specific to the 5= RACE adaptor (5= RACE outer primer). The resulting PCR products were cloned into pCR2.1-TOPO and sequenced using the M13rev primer. Ten to 20 clones were sequenced for each primer set.
Oxidative stress assays. To determine the contribution of select genes in the oxidative stress response of S. aureus, the bacteria were subjected to various concentrations of oxidants in vitro. Briefly, S. aureus cultures were grown overnight in LB broth, subcultured in the morning, and grown to mid-log growth phase (optical density at 550 nm [OD 550 ] ϭ 0.8 to 1.0). The bacteria were washed and resuspended in sterile PBS. Various concentrations of either H 2 O 2 or HOCl were added, and the bacteria were incubated at 37°C for 1 h with shaking. RNA was then collected from the bacteria as previously described.
EMSA. DNA for electrophoretic mobility shift assay (EMSA) analysis was amplified from the region upstream of plc using primers plcGSsense and plcGSantisense. For nonspecific DNA, the region upstream of rpsC was amplified using primers rpsCGSsense and rpsCGSantisense. PCR products were labeled using a DNA 3= end biotinylation kit (Thermo Fisher Scientific, Rockford, IL) per the manufacturer's directions before use in a LightShift chemiluminescent EMSA kit (Thermo Fisher Scientific, Rockford, IL). Briefly, labeled DNA was mixed with purified recombinant SrrA for 30 min at room temperature in a reaction buffer supplemented with 50 mM KCl and 5 mM MgCl 2 . Unlabeled DNA was included in some experiments to test the specificity of the observed shift. All reaction mixtures were electrophoresed into a 5% nondenaturing polyacrylamide gel for 60 to 90 min at 4°C and transferred to an Amersham Hybond-XL membrane (GE Healthcare, Pittsburgh, PA). Membranes were developed and exposed to Biomax (Kodak, Rochester, NY) X-ray film. To phosphorylate SrrA, the purified kinase domain of SrrB (15 g) was mixed with SrrA (90 g) in phosphorylation buffer (50 mM Tris, pH 7.6, 50 mM KCl, 20 mM MgCl 2 , 2 mM ATP) for 30 min at 37°C.
Protein extraction and immunoblot analysis in S. aureus. Cultures of S. aureus derivatives were grown in TSB to stationary phase (OD 550 Ͼ 5). To collect proteins from the culture filtrate, spent broth medium was passed through a 0.45-m-pore-size low-protein-binding filter (Pall, Ann Arbor, MI). Protein concentrations were determined using the BCA protein assay (Thermo Fisher Scientific, Rockford, IL). Protein was added to 5 l of 5ϫ SDS-PAGE loading buffer containing ␤-mercaptoethanol, boiled for 5 min, separated on a 12% SDS-polyacrylamide gel, and transferred onto an Immobilon-P membrane (Millipore, Billerica, MA). Membranes were blocked in TBS-T (20 mM Tris-HCl [pH 7.6], 250 mM NaCl, 0.1% Tween 20) containing 5% skim milk for at least 1 h. Membranes were probed with goat polyclonal or mouse monoclonal anti-PI-PLC antibody (1:10,000 or 1:1,000; Elmira Biologicals, Inc., and Iowa State University Hybridoma Facility) in TBS-T overnight at 4°C. After washing, membranes were incubated with goat anti-rabbit or goat anti-mouse IgG antibody conjugated to horseradish peroxidase (Thermo Fisher Scientific, Rockford, IL) for 30 min at room temperature. Blots were visualized using SuperSignal West Pico or Femto chemiluminescent substrate kits (Thermo Fisher Scientific, Rockford, IL). Blots were analyzed by phosphorimaging using a Typhoon 9410 phosphorimager (GE Healthcare, Pittsburgh, PA).
Isolation and infection of neutrophils. Human neutrophils were isolated from heparinized venous blood from healthy volunteers or from patients with chronic granulomatous disease (CGD) as described previously (31) . All three subjects with CGD were unrelated males with abnormal or absent gp91 phox (X-CGD) and without a functional NADPH oxidase in their polymorphonuclear neutrophils (PMNs). Isolated neutrophils were maintained at a density equal to or less than 2 ϫ 10 7 /ml in sterile Hanks' balanced salt solution (HBSS; Mediatech, Inc., Manassas, VA). Wild-type and mutant S. aureus strains were opsonized by tumbling in HBSS buffered with 20 mM HEPES, 10% pooled human serum, and 1% human serum albumin (HSA) for 20 min at 37°C. Immediately following opsonization, bacteria were mixed at the appropriate multiplicity of infection (MOI) with isolated neutrophils and tumbled for 10 min at 37°C, as previously described (30) . For some experiments, neutrophils were pretreated with diphenyleneiodonium (DPI; 10 M), a flavoprotein inhibitor that blocks the phagocyte NADPH oxidase (32), prior to S. aureus challenge. After defined periods of phagocytosis of S. aureus, neutrophils were lysed with sterile water (pH 11) and viable bacteria were enumerated by determining the number of CFU after serial dilution.
Flow cytometry. As a measure of bacterial survival, the fluorescence of bacteria expressing superfolded green fluorescent protein (sGFP) was assessed by flow cytometry, using a previously described method that correlates HOCl-induced bleaching of sGFP to bacterial viability (30, 33) . Briefly, S. aureus derivatives that expressed sGFP constitutively were generated through the transduction of pCM29, a plasmid in which sGFP expression is driven by the sarAP1 promoter (30) . These bacteria were fed to neutrophils as described previously. At various times after phagocytosis, the fluorescence of S. aureus-containing neutrophils was measured using an Accuri C6 flow cytometry system (Accuri Cytometers, Inc., Ann Arbor, MI). Each sample was analyzed using FCS Express software (De Novo Software, Los Angeles, CA) to determine the geometric mean and the percentage of GFP-positive cells relative to the values for paired DPItreated controls to determine the mean fluorescence index for each condition tested.
Blood survival assays. The ability of wild-type and mutant S. aureus to survive in blood was determined under two separate growth conditions, either mid-log phase (OD 550 ϭ 0.6 to 1.0) or stationary phase (overnight culture), in TSB. Bacteria were examined after resuspension in conditioned culture medium or after washing and resuspension in fresh medium. For certain experiments, wild-type and mutant strains of USA300 were pelleted in a tabletop centrifuge (8,000 rpm for 5 min), and their supernatants were removed. Cells were then washed 2 times in sterile TSB. Finally, the bacterial pellet was resuspended either in sterile TSB or in filter-sterilized conditioned medium from an overnight culture of USA300. A 100-l aliquot of these suspensions was added to 1 ml of heparinized human blood obtained from healthy volunteers, or a 50-l aliquot of bacterial culture was added to 0.5 ml of heparinized mouse blood obtained from 6-to 8-week old female C57BL/6 mice through cardiac puncture. A separate aliquot was used to determine the initial bacterial load by serial dilution and plating on TSA. The infected blood was tumbled at 37°C. After 3 h, serial dilutions in water were performed to determine the endpoint numbers of CFU, which were compared to the initial bacterial load to determine the viable percentage of the initial inoculum.
Mouse infections. Six-to 8-week old female BALB/c mice were used to study systemic infection of S. aureus. Briefly, S. aureus strains were grown to mid-log phase (OD 550 ϭ 0.6 to 1.0) in TSB, centrifuged, and resuspended in PBS. Mice were infected by means of a tail vein injection with a 200-l aliquot of bacteria (5 ϫ 10 6 CFU). Mice were housed in microisolation cages following infection and given food and water ad libitum. At day 8 postinfection, the mice were sacrificed and the kidneys were removed aseptically. The tissue samples were homogenized in 1 ml PBS, and the CFU burden was determined by serial dilution and plating on TSA.
To assess the contribution of PI-PLC in a skin infection model, 6-to 8-week old female BALB/c mice were used. The mice were shaved on one side in preparation for the experiment. Bacteria were prepared as described for the systemic infection model and were injected intradermally in a 100-l aliquot (1 ϫ 10 7 CFU). Once again, the mice were housed in microisolation cages following infection and given food and water ad libitum. Mice were observed for the presence of abscesses in the injection site for up to 4 days. On day 4, the mice were sacrificed and a 10-mm punch biopsy specimen of the skin surrounding the abscess was collected. Tissue samples were homogenized in 1 ml of PBS, and the CFU burden was determined by serial dilution and plating on TSA. All animal infection experiments were approved by the Institutional Animal Care and Use Committee at the University of Iowa.
Statistical analysis. All statistical analyses were conducted using Student's t test. P values of Ͻ0.05 were determined to be statistically significant.
RESULTS

PI-PLC secretion varies among S. aureus isolates.
If PI-PLC serves as a virulence factor for S. aureus, the severity of staphylococcal infection might correlate with the presence and extent of PI-PLC expression in clinical isolates. To test this prediction, we assessed PI-PLC secretion across a variety of well-defined strains of S. aureus. We chose for study both methicillin-susceptible (Newman) and -resistant (COL) laboratory strains, two CA-MRSA USA300 isolates (LAC and TCH1516), a CA-MRSA USA400 strain (MW2), two USA200 strains (MRSA252 and UAMS-1), and a USA600 MRSA isolate (NRS22). The extracellular lipolytic activity of each isolate was measured using a spectrofluorometric assay specific for PI-PLC (Fig. 1A) . Both USA300 isolates secreted the largest amount of active PI-PLC, whereas the amounts for strains COL, Newman, and MW2 clustered in the middle of the range of values, and strains UAMS-1, MRSA252, and USA600 demonstrated little enzymatic activity (Fig. 1A) . Due to variability among strains with respect to the amount of exoproteins secreted, we normalized the maximum fluorescence generated to the protein content. Overall, protein secretion differences were minimal among the strains (data not shown), and the normalized data mirrored the kinetic data, with the USA300 isolates exhibiting the largest amount of activity and strains MRSA252, UAMS-1, and USA600 demonstrating very little activity (Fig. 1B) . With one exception, the relative amounts of secreted PI-PLC detected by immunoblotting paralleled the activity data (Fig. 1C) ; the exception was strain COL, which had less PI-PLC activity than some strains but a similar amount of protein in the immunoblot assay as USA300 LAC. The basis for this slight discordance is not known but could reflect differences in the specific activity of PI-PLC secreted by the two strains, unidentified interactions of PI-PLC with other exoproteins that differ between the two strains, or both. All strains of S. aureus used in this study possess plc, the gene encoding PI-PLC. Although the genome for the USA600 isolate has not been sequenced, we were able to PCR amplify and sequence the plc gene from this strain. The plc gene product from USA600 displayed 98.8% identity to the USA300 (LAC) PI-PLC at the amino acid level, with no mutations in predicted catalytic residues (data not shown). Overall, these data collectively demonstrate that PI-PLC secretion varied among different S. aureus strains, with the highest level exhibited in CA-MRSA USA300 isolates.
Regulation of PI-PLC by S. aureus TCSs. The differences in PI-PLC secretion that we observed (Fig. 1) most likely reflect the differences in the regulation of plc among the strains. Although there is evidence that the accessory gene regulator (agr) influences expression of plc (17) , relatively little else is known regarding plc regulation in S. aureus. Using a library of S. aureus two-component system (TCS) mutants, we assessed the contribution of individual S. aureus TCSs to plc transcription. After determining the growth phase for maximal expression of plc (see Fig. S2A in the supplemental material), we screened TCS mutants for relative plc expression during late exponential growth ( Fig. 2A) . As expected from the previous study, the ⌬agr mutant displayed approximately 4-fold lower plc transcript levels. A similar 4-fold drop was observed in the ⌬vraRS and ⌬hssRS mutants. However, the SrrAB TCS had the greatest impact upon plc regulation, with the ⌬srrAB mutant displaying approximately 100-fold lower plc expression. To determine if the levels of secreted PI-PLC corresponded with the transcriptional data, we measured PI-PLC activity in culture (B) PI-PLC activity normalized to the protein concentration for culture supernatants. Results are the ratio between the maximum relative fluorescent units (RFU) and protein concentration for a given strain and represent the means Ϯ SEMs for three independent experiments. (C) Representative immunoblot (IB) visualizing the PI-PLC present in the culture supernatants using a monoclonal antibody against PI-PLC. Immunoreactivity was quantitated on a phosphorimager, and the percentages of immunoreactive protein were quantitated for all strains using the TCH1516 signal, which was set to 100%. Abbreviations: New, S. aureus Newman; Col, S. aureus COL; LAC, S. aureus USA300 LAC; TCH, S. aureus USA300 TCH1516; MW2, S. aureus USA400 MW2; 252, S. aureus USA200 MRSA252; UAM, S. aureus USA200 UAMS-1; 600, S. aureus USA600 NRS22.
FIG 2 Contribution of S. aureus TCSs to the regulation and expression of plc.
(A) S. aureus wild-type and TCS mutant strains in USA300 were grown in TSB to late-log growth phase (OD 550 ϭ 1.5). The relative expression of plc in each strain was compared. The expression level of plc in each strain was normalized to that of the DNA gyrase subunit B (gyrB). (B) Normalized PI-PLC activity data obtained for each of the TCS mutants from overnight supernatants in relation to those for the wild type. These results represent the means Ϯ SEMs from three independent experiments performed in triplicate. *, P Ͻ 0.05; **, P Ͻ 0.01. supernatants of the TCS mutants. Both the ⌬agr and ⌬srrAB mutants displayed significantly less PI-PLC activity than the wildtype strain, and the ⌬srrAB strain exhibited the least amount of activity (Fig. 2B) . Other observed differences in plc transcript levels, such as in the ⌬vraRS and ⌬hssRS mutants, were lost at the enzyme level, potentially due to the later time point used for the activity assay. Taken together, these data indicate that SrrAB was the predominant TCS transcriptional activator of plc expression, with other TCSs contributing to a lesser extent.
SrrAB directly regulates plc. Since the SrrAB TCS had the greatest effect on plc regulation, we reasoned that SrrA would directly bind and induce transcription from the plc promoter. To test this hypothesis, we first examined the kinetics of srrA expression in broth-grown cultures and found that the pattern of expression was similar to what we observed with plc expression (see Fig.  S2B in the supplemental material). Next, we mapped the plc promoter region using 5= RACE analysis to identify a transcriptional start site located 26 bp upstream from the plc translational start site (Fig. 3A) . Examination of the sequence revealed identification of a probable ribosomal binding site and a Ϫ10 promoter element present in other genes known to be regulated by SrrA (34) . However, the consensus sequence for the Ϫ35 promoter element and the SrrA binding region were not identified.
To test for direct regulation of plc, we purified both SrrA and the kinase domain from SrrB. Using the SrrB kinase domain, we phosphorylated SrrA for use in our binding studies. EMSA analysis on the upstream region of plc demonstrated that phosphorylated His-SrrA retarded the mobility of a DNA probe proximal to the plc coding sequence that contained the predicted promoter site (Fig. 3B, lanes 2 to 6) . Unphosphorylated His-SrrA failed to generate a similar probe shift (data not shown). This interaction was specific, as unlabeled DNA probe competed off labeled DNA (Fig.  3B, lane 7) , whereas unlabeled nonspecific DNA did not (Fig. 3B,  lane 8) . Overall, these data support our hypothesis that SrrAB directly regulates plc in S. aureus.
Regulation of plc in response to in vitro and in vivo oxidative stress. Since published reports have demonstrated that the SrrAB TCS regulates several virulence determinants in response to oxygen levels (35), we tested whether oxidants could influence plc expression in a SrrAB-dependent manner. To test this hypothesis, we used quantitative RT-PCR (qRT-PCR) to measure plc expression by a wild-type S. aureus USA300 (LAC) strain in the presence of various concentrations of either H 2 O 2 or HOCl for 60 min. We found that plc was upregulated in a concentration-dependent manner and that this upregulation was approximately 3-fold in response to HOCl-induced stress at levels as low as 100 M (Fig.  4A) . In contrast to its sensitivity to HOCl, plc expression was not significantly upregulated by H 2 O 2 concentrations as high as 15 mM (Fig. 4A) . Similar to plc, regulation of srrA occurred in response to HOCl but not to H 2 O 2 (Fig. 4B) . Next we examined the regulation of plc and srrA in a more biologically relevant context by feeding S. aureus to human polymorphonuclear neutrophils (PMNs) and measuring transcriptional expression of intraphagosomal organisms. Whereas S. aureus phagocytosed by normal PMNs upregulated plc approximately 4-fold, organisms ingested by PMNs without a functional NADPH oxidase, as a result of either pharmacologic inhibition with DPI or inherited absence in patients with chronic granulomatous disease, increased plc expression only ϳ2-fold compared to expression in broth-grown bacteria (Fig. 4C) . In contrast to plc expression, srrA regulation after phagocytosis by PMNs was quite different. Opsonization with human serum alone led to a significant upregulation of srrA (Fig. 4D) by bacteria, whereas exposure to serum did not alter plc expression (Fig. 4C ). In addition, srrA was upregulated in normal PMNs as well as those without a functional NADPH oxidase (Fig.  4D) , whereas plc expression in DPI-treated PMNs or PMNs from CGD patients was attenuated relative to the responses in normal PMNs (Fig. 4C) .
We demonstrated that the SrrAB and agr TCSs regulate plc expression (Fig. 2) , but the contribution of these regulators to oxidant-dependent induction is not clear. Although plc expression was down 100-fold in the ⌬srrAB background ( Fig. 2A) , transcript levels were measurable and the effects of HOCl exposure and PMN ingestion could be assessed. At concentrations up to 1 mM, HOCl did not trigger plc upregulation in the ⌬srrAB mutant (Fig. 5A ), but unexpectedly, plc was still upregulated following ingestion by normal PMNs (Fig. 5B) . The same approach was taken with the ⌬agr mutant, and again, we found that plc was not upregulated in response to HOCl (Fig. 5C ). In addition, the ⌬agr mutant was unable to upregulate plc following PMN ingestion (Fig. 5D) , suggesting that the agr system might be an important factor contributing to SrrAB-independent plc upregulation in PMNs (Fig. 5B) . Overall, these data indicate that plc regulation is complex and multifactorial, with the SrrAB and agr systems being significant contributors to the induction mechanism in the presence of specific sources of oxidative stress.
The S. aureus ⌬plc strain exhibits decreased viability in human blood. To test the contribution of PI-PLC in the pathogenesis of staphylococcal disease, we constructed a strain with a markerless deletion of the plc gene (Fig. 6A) . Work was performed in the S. aureus USA300 (LAC) background, and the deletion of the plc gene was verified by PCR (Fig. 6B), immunoblotting (Fig. 6C) , and activity assay (Fig. 6D) . The deletion did not produce a general growth defect, as all organisms grew identically in broth culture (see Fig. S3A in the supplemental material) and did not interfere with ingestion by neutrophils, as the phagocytosis of the wild type and mutant was the same (see Fig. S3B in the supplemental material). In addition, levels of plc (C) or srrA (D) expression were examined in PMNs 10 min after phagocytosis. PMNs treated with DPI or obtained from a patient who suffers from CGD were compared with normal PMNs. Controls included bacteria grown in broth, bacteria that had undergone 20 min of opsonization (Ops), and bacteria that had been resuspended in the PMN buffer for 10 min (Buf). For statistical analysis, all comparisons are against the broth-grown controls. The levels of plc and srrA expression were normalized to the level of expression of the DNA gyrase subunit B (gyrB). All results represent the means Ϯ SEMs from three independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01.
FIG 5
Contribution of SrrAB and AgrAC TCSs to plc regulation. The relative expression of plc was examined in an S. aureus USA300 ⌬srrAB background (A) or a ⌬agr background (C) after 60 min of exposure to PBS or various concentrations of HOCl. In addition, the relative expression of plc in PMNs at 10 min postphagocytosis was examined in an S. aureus USA300 ⌬srrAB background (B) or ⌬agr background (D). Controls included broth-grown bacteria and bacteria that have been opsonized for 20 min (Ops). The level of plc expression was normalized to that of the DNA gyrase subunit B (gyrB), and results represent the means Ϯ SEMs from three independent experiments. **, P Ͻ 0.01.
We compared the relative viability of the USA300 (LAC) wild type and ⌬plc mutant in human blood, using bacteria resuspended in either conditioned culture medium or sterile medium. When suspended in its own conditioned medium, the wild-type strain had moderate growth after 3 h, whereas the ⌬plc mutant exhibited a significant survival defect, with only about 60% of the initial inoculum being viable after 3 h in human blood (Fig. 7A) . However, the difference in viability of the mutant was seen only with stationary-phase bacteria, as exponentially growing bacteria displayed no observable phenotype compared to the wild-type strain (data not shown). Furthermore, there was no difference in viability between the wild-type strain and the ⌬plc mutant strain when bacteria were washed and resuspended in sterile TSB, though both strains displayed significant defects in viability compared to the wild-type strain suspended in its own conditioned medium (Fig.  7A) . Exogenous complementation of plc using supernatant obtained from an overnight culture of wild-type bacteria completely restored the viability phenotype to wild-type levels (Fig. 7B) .
Since the SrrAB TCS directly regulated plc ( Fig. 2 and 3) , we tested the viability of the ⌬srrAB mutant strain in human blood. In agreement with previous studies of SrrAB function in animal models of infection (34, 36) , growth of the ⌬srrAB mutant was significantly impaired relative to that of the isogenic parental strain, and the wild-type phenotype was completely restored by complementation (Fig. 7C) . However, only exponentially growing bacteria demonstrated differences in viability, as wild-type and ⌬srrAB mutant strains in stationary phase had similar survival (data not shown). As SrrAB regulates many genes, we tested whether or not constitutively secreted PI-PLC could rescue the viability phenotype of the ⌬srrAB mutant. However, a ⌬srrAB strain secreting large amounts of PI-PLC relative to the amount secreted by the wild type (see Fig. S4 in the supplemental material) did not restore the survival defect of the ⌬srrAB mutant (Fig. 7D) , suggesting that the ⌬srrAB strain lacked factors in addition to PI-PLC that support survival in human blood.
Since whole blood is a complex mixture of cellular and soluble components, we focused our attention on the contributions of PMNs to the phenotype of the ⌬plc mutant in blood. PMNs are an obvious choice for study in this context, as they are the predominant nucleated cell in human blood and one of the first immune cells encountered in bloodstream infections. We previously demonstrated that oxidant-mediated killing of S. aureus correlates with bleaching of sGFP at late time points after phagocytosis by PMNs (33) and employed this approach to assess relative survival. We observed no differences in the loss of fluorescence between strains ingested by PMNs at an MOI of 1:1 (Fig. 8A) . Uptake of the different S. aureus strains was the same for all strains when examined either by flow cytometry (see Fig. S3B in the supplemental material) or by microscopy (data not shown).
We previously demonstrated that the oxidant-dependent killing and bleaching of ingested sGFP-expressing S. aureus by human PMNs are less effective as the MOI increases; PMNs kill and bleach organisms less efficiently at an MOI of 5:1 than at one of 1:1 (37) . Reasoning that taxing the antimicrobial capacity of PMNs might better uncover phenotypic differences in the fate of wildtype versus ⌬plc strains, we compared the intracellular fate of wild-type versus mutant S. aureus using an MOI of 5:1. At this MOI, monitoring of bleaching of sGFP as an indicator of loss of viability demonstrated a significant difference in the loss of fluorescence at the 60-min time point, 47% Ϯ 1.3% and 34% Ϯ 0.4% (n ϭ 3) for the wild-type and ⌬plc mutant strains, respectively (Fig. 8B) . These data suggest that PI-PLC is important for the survival of S. aureus in human blood, explained in part by the decreased viability of the ⌬plc mutant in PMNs.
S. aureus ⌬plc strains are not attenuated in a mouse model of infection. Given that the ⌬plc strains in their conditioned media exhibited a viability phenotype in human whole blood (Fig. 7A) and ⌬srrAB mutants were attenuated in a murine model of S. aureus infection (36), we tested whether infection in a murine model with the ⌬plc mutant would be less severe or widespread. However, similar numbers of viable bacteria were recovered from mice challenged with the USA300 or the ⌬plc mutant strain, whether in a model of systemic infection (Fig. 9A) or a model of skin infection (Fig. 9B) . In addition, no differences in lethality were observed between these strains (data not shown), and we were unable to recapitulate the human-whole-blood viability phenotype in the murine system using stationary-phase bacteria, as the ⌬plc strain grew as well as the wild-type strain in mouse whole blood (Fig. 9C) . Also of note, the viability of the wild-type strain in mouse whole blood (Fig. 9C) was strikingly different from that in human whole blood (Fig. 7) . Although these data suggest that PI-PLC is not required for full virulence of S. aureus in mice, the murine system did not mirror the interaction of staphylococcal PI-PLC with human blood.
DISCUSSION
Staphylococcal PI-PLC is a secreted enzyme capable of hydrolyzing PI and cleaving GPI-linked proteins from the surface of cells (17) and, like many other exoproteins, is regulated by the agr quorum-sensing system (17) . Levels of secreted PI-PLC vary among S. aureus strains (17, 38) , and a previous study correlated the presence of secreted PI-PLC and the occurrence of more severe disease, thereby suggesting a role for PI-PLC as a virulence determinant (38) . However, evidence that PI-PLC is a virulence factor and elucidation of its impact on human host defenses are lacking. In this study, we provide novel insights into the biology of PI-PLC with respect to its regulation in S. aureus and to its expression in response to oxidants and components of human host defense.
The basis for differences in PI-PLC secretion among isolates of S. aureus is not completely understood. CA-MRSA strains, particularly those of the USA300 lineage (39, 40) , constitutively exhibit high levels of activity of the agr quorum-sensing system (14, 16) , which modulates expression of many virulence factors that contribute to the severe disease seen with these strains. Consistent with the known relationship between agr and virulence properties, we observed the highest levels of plc expression and PI-PLC activity in USA300 strains (Fig. 1) . Conversely, HA-MRSA and USA200 isolates, such as COL and UAMS-1, are known to have weaker agr function (14, 41) and, not surprisingly, exhibited reduced PI-PLC levels (Fig. 1) . However, there was residual plc expression and PI-PLC activity in the agr-deficient mutant (Fig. 2) , suggesting the presence of additional transcriptional regulators.
By screening a collection of TCS mutants, we identified SrrAB as the main transcriptional activator of plc gene expression (Fig.  2) . The SrrAB TCS is a regulatory element conserved among staphylococcal species that controls the expression of virulence factors, including agr, tstH, spa, and ica (26, 34, 35) . Ambient or ⌬srrAB (D; exponential phase) strains overexpressing PI-PLC exposed to human whole blood was calculated as the number of CFU recovered after 3 h of exposure divided by the number of CFU in the initial bacterial challenge. The numbers of CFU were determined by serial dilution and plating on TSA plates. One set of experiments (A) compared the viability in human blood of the wild-type strain and the ⌬plc mutant suspended in their own conditioned media or washed (w) and suspended in sterile culture medium. The strains used in experiments involving complementation harbored either control plasmids or the complementing plasmid. The results represent the means Ϯ SEMs for three independent experiments. *, P Ͻ 0.05. oxygen level is one of the environmental signals that modulate SrrAB expression, with microaerobic conditions augmenting SrrAB expression and suppressing RNAIII and other virulence factors (35, 42) . We examined plc and srrA expression in response to oxidant stress by challenging USA300 with various concentrations of the reagents H 2 O 2 and HOCl. Although both oxidants triggered upregulation of plc and srrA, HOCl was ϳ150-fold more potent on a molar basis than H 2 O 2 (Fig. 4) . Because HOCl is the predominant antimicrobial oxidant generated in the phagosomes of human PMNs (43), we anticipated that both plc and srrA would be upregulated in phagocytosed S. aureus. As expected, plc expression increased when staphylococci were ingested by normal PMNs but increased to a lesser extent when they were phagocytosed by PMNs that lacked a functioning oxidase and, consequently, a means to generate HOCl. In contrast, srrA expression increased in PMNs regardless of the presence of oxidants. In fact, expression was greater in DPI-treated neutrophils or neutrophils from CGD patients than in normal PMNs. Furthermore, expression of srrA increased during opsonization of S. aureus and before it was fed to PMNs. These data suggest that stresses on S. aureus in addition to oxidants, such as complement fixation during opsonization, likely contribute to the enhanced levels of SrrAB in the phagosome. Given that binding of SrrA to the plc promoter region needed a relatively large amount of protein to achieve a noticeable shift (Fig. 3) , it is possible that SrrA requires a regulatory partner for effective interaction with and transcriptional induction of the plc promoter. Such a prerequisite could explain the selective regulation of plc in response to oxidative stress, whereas additional stimuli influence srrA expression. Taken together, our findings indicate that oxidant stress triggered plc upregulation in a SrrAB-dependent manner and that additional environmental factors contributed to srrA expression in S. aureus.
If PI-PLC is a staphylococcal virulence factor, we reasoned that it might provide a survival advantage to S. aureus in its interactions with elements of host defense. PI-PLC promoted survival of ingested staphylococci in human PMNs at an MOI of 5:1, thereby suggesting that PI-PLC counteracted in part the antimicrobial action of human PMNs. We employed a human-whole-blood model to determine if PI-PLC influenced the outcome of hostmicrobe interactions that might arise in the circulation during infection. The S. aureus ⌬plc mutant survived in human whole blood less well than the isogenic wild type, but only for bacteria in stationary phase, when extracellular PI-PLC accumulation was greatest, and only in the presence of its conditioned culture medium. These data suggest that PI-PLC may promote disease during the later stages of infection or in clinical settings where the exoprotein secreted by S. aureus could accumulate. Given the enhanced secretion of PI-PLC by USA300 strains that typically cause skin and soft tissue infections, it may be important for the survival or maintenance of S. aureus in abscesses, an environment with low oxygen tension and microaerobic conditions (reviewed in reference 44) that would promote expression of SrrAB and, consequently, PI-PLC.
Since the SrrAB TCS has been implicated as a virulence factor in both rabbit and murine models of staphylococcal infection (34, 36) , its regulation of plc may contribute to disease pathogenesis. However, in contrast to the behavior of the ⌬plc mutant, the ⌬srrAB mutant exhibited its viability phenotype only during exponential growth and not during stationary phase. Moreover, overexpression of PI-PLC failed to rescue the ⌬srrAB-dependent phenotype of S. aureus in whole blood, suggesting that the ⌬srrAB mutant has a much broader range of defects, as expected, given its role as a global gene regulator.
The ⌬plc mutant did not demonstrate a survival phenotype in two mouse models of infection, despite the survival defect observed for the ⌬plc strain in the human-whole-blood infection model and in isolated human PMNs. A mouse-whole-blood infection assay likewise failed to recapitulate a plc-dependent phenotype. Although the basis for the lack of a phenotype in murine blood is unknown, recent evidence demonstrated that the inflammatory response of mice differs greatly from that of humans (45) . Furthermore, murine neutrophils differ from human neutrophils with respect to several attributes important for antimicrobial action (46) (47) (48) , including intracellular signaling pathways mediated through phosphoinositide 3-kinase (PI3K) (49) . The phosphoinositide-dependent signaling pathway would be especially relevant to links between PI-PLC and human disease, given the role of PI3K in the oxidase-dependent production of reactive oxygen species by PMNs and the potential for disruption by staphylococcal PI-PLC. The failure of the murine system to mirror the pathogenic effects of staphylococcal PI-PLC seen in human blood or isolated PMNs reinforces the recent recognition that the mouse is not an informative model system to study some human diseases and pathogenic processes.
In light of our data implicating PI-PLC as a staphylococcal virulence factor, the molecular targets for PI-PLC in PMNs now need to be identified. Since staphylococcal PI-PLC is approximately 27 to 39% identical to the PI-PLC found in Listeria and Bacillus species (17) , studies from these organisms might shed some insight into the function of the enzyme in S. aureus. The PI-PLC of L. monocytogenes promotes disease by modulating activation of the phagocyte NADPH oxidase (50, 51) and by disrupting membrane-bound compartments (52) , thereby releasing viable listeria into the host cell cytoplasm. In contrast to the enzyme in L. monocytogenes, staphylococcal PI-PLC lacks cytolytic activity (53) , and S. aureus does not escape into the neutrophil cytoplasm after phagocytosis (54) . In addition, unlike the PI-PLC in L. monocytogenes, staphylococcal PI-PLC can cleave GPI-linked proteins that may influence signaling cascades in immune cells. Immunomodulation of signal transduction pathways has been implicated in the observed suppression of the immune response of dendritic cells and T cells by PI-PLC secreted from Bacillus anthracis (20) . Additional studies of staphylococcal PI-PLC are needed to define the full range of its enzymatic activity and to identify the targets on cells that alter subsequent host responses.
Overall, the data presented here elucidate some of the regulatory factors that influence PI-PLC expression, demonstrate that PI-PLC promoted survival of S. aureus in human whole blood and PMNs, and provide evidence that PI-PLC may contribute to the virulence of S. aureus. The relative prominence of PI-PLC among the virulent exoproteins of S. aureus, the full repertoire of its regulatory factors, and its relationship to SrrAB remain to be defined.
